Abstract
The Southern Alps

90
The Southern Alps of New Zealand ( [Chinn, 1995] , suggesting that orographic precipitation exerts a primary control on 100 glaciation [Porter, 1975] . 
Applications of glacier models in the Southern Alps
115
Previous glacier modeling studies in the Southern Alps have focused on the Franz Josef 116 Glacier ( Fig. 1) to examine the climate sensitivity of this glacier [Oerlemans, 1997] [2006] demonstrated that differences in temperature rather than 120 precipitation amount were the major control on the length of this glacier, but that high 121 precipitation values enhanced temperature sensitivity; Oerlemans [1997] showed that the The poor fit of some simulated glaciers to mapped moraines, particularly when the model 138 features more than one glacier, indicates the need to quantify the uncertainties associated 139 with the application of glacier models to avoid misleadingly precise paleoclimate estimates.
Anderson and Mackintosh
140
In a model reconstruction of glaciers in the eastern Southern Alps, the Rakaia Glacier was . These glacier models are based on the shallow-ice 163 approximation developed for large ice sheets with shallow bed topography [Hutter, 1983] The model domain includes the Rakaia to the Pukaki valleys (Fig. 1) The climate inputs to our baseline model (Table 1) precipitation distribution is unknown, we instead experiment with present-day precipitation 305 distributions for the region and acknowledge that there is unresolved uncertainty when using 306 these to represent last glacial precipitation.
308
To explore the sensitivity of glacier model results to uncertainty in precipitation distribution,
309
we tested five different estimated present-day precipitation distributions and three statistical (Table   326 2). Results are presented in Section 3.3. LGM ELAs were simulated under conditions where T = -8.0°C to -5.5°C and P = 80% to tested for the Rakaia and Rangitata Glaciers and varied with the absolute value of T (Fig. 4) .
406
The length of the Rakaia Glacier increased by at least 37% with T = 0.5°C when the 407 absolute value of T was minimal (less than -2.0°C) compared to present-day conditions.
408
The relative change in glacier length decreased with moderate differences in temperature ( T 409 = -3.5°C to 5.0°C) to 8%, then increased with greater absolute differences in temperature ( T 410 = -5.5°C to -6.5°C) to ~23%. A similar trend was found for the Rangitata Glacier (Fig. 4) , (P = 150% rather than 125%) to produce the change in glacier extent resulting from T = -432 0.5°C (Fig. 2) . For the LGM scenario, glacier sensitivity to T decreases as P exceeds the 433 present-day worldwide maximum; if P was double the present-day value, T of -0.5°C
434
would be equivalent to an increase in P of 50%, indicating that P modifies the temperature 435 sensitivity of these glaciers. The choice of precipitation distribution had a considerable influence on the extent of the 439 simulated glaciers (Fig. 5 and Table 3 ) and the regional ELA (Table 2 ). The precipitation 440 peak in each profile is located upwind of the main drainage divide and precipitation amounts 441 are similar downwind of 70 km from the west coast (Fig. 3) , suggesting that glaciers are 442 sensitive to the volume of precipitation delivered within the zone up to 30 km downwind of 443 the main drainage divide (32 km from the west coast; Fig. 3) . Under both present-day and
444
Double Hill conditions, glacier extents simulated using published precipitation distribution 445 profiles were greatest when using the NIWA data, followed by the CliFlo, then Wratt et al.
446
[1996] profiles, and least with the Griffiths for the Rakaia Glacier (9.3 km; 25%) compared to present-day conditions although the 455 absence of ice in four of the present-day Rakaia simulations affected this result (Table 3) .
457
Results produced using mean and median precipitation distributions show that, although the 458 maximum precipitation amount for these experiments was less than that in the NIWA gridded Table 2 ). The linear regression of precipitation measurements 463 gave the lowest value for total precipitation amount and produced an ELA ~100 m lower than 464 those simulated using the NIWA data for the present-day and Double Hill scenarios (Table   465 2). Under LGM conditions, glacier extents calculated using the linear regression were similar Each LGM simulation ran for 4000-years. 100 simulations were used to estimate that the 506 most probable LGM mean glacier length was 2.3 km shorter (2.8% of the maximum glacier 507 length; equivalent to T = +0.1°C) than the terminal moraine defined by Shulmeister et al.
508
[2010]. The standard deviation of the mean length from the most likely mean length was 840 509 m, and the standard deviation of the glacier length was 1200 m. These results imply that 510 paleoclimate estimates using the LGM terminal moraine position will overestimate the mean 511 glacier length by 2.8%. The standard deviation of the modeled snowline elevation was 100 m.
512
The standard deviation of annual-mean mass balance, summer balance and winter balance 
Experiment 5: Glacier sensitivity to seasonality
516
Glacier sensitivity to S was tested for T from 0°C to -7°C using the maximum estimated
517
LGM seasonality (Fig. 6 ). Under present-day conditions, the ELA was reduced by just 3 m 518 due to S. ELA change due to S was greatest when glaciers were less extensive, but did not LGM paleoclimates from the geological record.
527
Summary of results
528
Glaciers were sensitive to differences in mean annual air temperature ( T), the distribution of 529 precipitation and precipitation amount (P) ( precipitation distribution (Fig. 3) . However, precipitation may exhibit a more complex 624 distribution than can be captured at the resolution of these gridded data (the NIWA data have is zero in some present-day simulations as no ice is present at the headwall of this catchment.
775
In Experiments 1 and 2, the precipitation data used are the NIWA grids. NB: The solution for 
